Nitrogen fixation (acetylene reduction) rates of nodules on intact fieldgrown soybean (Glycine max) subjected to altered oxygen concentration (0.06-0A cubic millimeter per cubic millimeter) returned to initial rates during an 8-hour transitory period. Hydroponically grown soybean plants also displayed a transitory (1-4 hours) response to changes in the rhizosphere oxygen concentration after which the fixation rates returned to those observed under ambient oxygen concentrations. It was hypothesized that soybean nodules contain a regulatory mechanism which maintains a stable oxygen concentration inside nodules at a sufficiently low concentration to allow nitrogenase to function. A possible physiological mechanism which could account for this regulation is adjustment in nodule respiration activity such that nodule oxygen concentration and nitrogen fixation are maintained at stable levels. Experiments designed to characterize the non-steady-state oxygen response and to test for the presence of nodule respiratory control are presented. Non-steady-state acetylene reduction and nodule respiration (oxygen uptake) rates measured after alterations in the external oxygen concentration indicated that the regulatory mechanism required 1 to 4 hours to completely adjust to changes in the external oxygen concentration. Steady-state nodule respiration, however, did not respond to alterations in the rhizosphere oxygen concentration. It was concluded that soybean nodules can adjust to a wide range of rhizosphere oxygen concentrations, but the mechanism which controls nitrogen fixation rates does not involve changes in the nodule respiration rate.
Symbiotic nitrogen fixation rates are affected by the oxygen concentration in the rhizosphere around plant roots and nodules. Short-term experiments in which nitrogen fixation rates of detached soybean nodules were assayed as either acetylene reduction or "5N2 uptake, demonstrated that after exposure to altered oxygen concentrations nodule activity responded proportionally to the change in oxygen (1, 17, 19) . Similar findings have been reported for intact nodule and root systems in a wide range of legumes including white clover (Trifolium repens), pea (Pisum sativum), chickpea (Cicer arietinum), cowpea ( Vigna unguiculata), peanut (Arachis hypogea), and lupin (Lupinus albus) (28, 29) . This oxygen enhancement of nitrogen fixation has been attributed by some to an artifact of nodule disturbance, detachment, or the use of saturating concentrations of acetylene (15, 29) . Oxygen effects have, however, been reported for attached, intact undisturbed nodules of field-grown soybean in the absence of saturating acetylene (25) . In this latter study, increasing the rhizosphere oxygen concentration from ambient to 0.4 mm3 mm-3 resulted in a nearly twofold increase in nitrogen fixation rates.
Respiration, measured as oxygen uptake by both detached nodules and intact nodulated root systems, has also been shown to be sensitive to oxygen concentration (17, 24, 30) . Since both nodule respiration and nitrogenase activity are sensitive to the oxygen concentration at which they are assayed, it has been suggested that the restriction of oxygen flux by a diffusion barrier in the nodule cortex may limit nodule respiration and therefore energy production necessary for nitrogen fixation (11, 23, 24) .
All of the experiments cited above were typically completed within an hour after the oxygen concentration around the nodules was altered, and thus only the short-term effects of altered oxygen concentration were considered. In contrast to these experiments, long-term exposures to elevated or decreased rhizosphere oxygen concentration have failed to show a response in (a) field-grown soybean nodule activity as measured by acetylene reduction (5, 6) , (b) plant growth and nitrogen content ofsoybean and pea (14) or (c) plant and nodule mass in field-grown soybean (23) . These results lead to the conclusion that rhizosphere oxygen has little or no effect on long-term nitrogen fixation rates of intact plants. In light of this apparent discrepancy between the short-term and long-term studies, the first objective of this research was to re-evaluate the long-term effects of altered rhizosphere oxygen concentration on nitrogenase activity of intact field-grown soybean plants.
Results from the experiments reported below indicated that 8 h after altering the rhizosphere oxygen concentration of intact field-grown soybean plants the nitrogen fixation rates were equivalent to the initial rates. This is in agreement with the findings of Criswell et al. (5, 6) who speculated that soybean nodules may contain a regulatory mechanism which allows steady-state nitrogenase activity to remain constant over a range of oxygen concentrations. Thus, the oxygen effects observed in all of the shortterm experiments cited above may have only been a transitory response to the altered rhizosphere oxygen concentration. This hypothesis predicts that, during the time this non-steady-state response is observable, a regulatory mechanism is being activated to return nodule activity rates back to levels comparable to those originally observed under ambient oxygen concentrations.
At least two possible regulatory mechanisms might exist which could adjust nitrogen fixation rates when the external oxygen concentration is altered. It has been proposed that the permeability of the oxygen diffusion barrier in nodules might be adjusting in response to oxygen concentration (21) . This possibility of changing nodule permeability to oxygen is examined experimentally in detail in a subsequent paper (26 (17) showed that soybean acetylene reduction rates were not responsive to oxygen concentrations above 0.3 mm3 mm-3, whereas nodule oxygen uptake increased linearly between 0 and 1 mm3 mm-3 oxygen. Similar findings were reported for intact Alnus rubra nodules (30) . Sheehy et al. (21) estimated intact white clover nodule oxygen uptake as CO2 evolution and failed to find evidence of respiratory control at elevated oxygen concentrations. In their experiments (their Fig. 1B (21) , however, assumed that the respiratory quotient for these nodules was constant and equal to unity, an assumption which has been reported to be incorrect (2, 17, 30) for oxygen concentrations ranging from 0.1 to 0.4 mm3 mm3. A decrease in the nodule respiratory quotient at elevated oxygen concentrations results in nodule respiration rates erroneously appearing to be independent of oxygen concentration when estimated as carbon dioxide evolution, even though nodule respiration as oxygen uptake continues to increase more linearly (17, 30) . These short-term experiments indicated that nodules may be able to adjust to long-term exposures to altered oxygen concentrations through respiratory control, and that to test this hypothesis nodule respiration must be assayed as oxygen uptake. Consequently, the second objective of this research was to measure the nonsteady-state, long-term response of intact nodule oxygen uptake rates and nitrogen fixation rates to altered oxygen concentrations and to test specifically for respiratory involvement in the adjustments of nitrogen fixation rates.
MATERIALS AND METHODS
Field Experiments: Steady-State Response to Altered Oxygen Concentrations. The cultivar 'Biloxi' was field grown in Gainesville, FL, on Arredondo fine sand soil (loamy, siliceous, hyperthermic Grossarenic Paleudult). Biloxi is an indeterminate, maturity group VIII cultivar which in this experiment remained vegetative until June 14 when the first flowers appeared. The experiment was terminated on June 19, at which time the plants were at growth stage RI ( 12) .
Field preparation included application of 55 g m-2 of 1-10-20 (N-P205-K20) fertilizer and the incorporation of 0.3 ml m-2 of trifluralin (a,a,a,trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine)
herbicide. On April 2, 1984, rows spaced 0.9 m apart were seeded with 30 seeds mn'. Open-ended root chambers used for the acetylene-reduction assay (9) were installed in the rows at 1-m intervals immediately after sowing. Alachlor [2-chloro-2',-6'-diethyl-N-(methyoxymethyl)acetanilide] and chlorpyrifos [0,0-diethyl-043,5,6-trichloro-2-pyridyl) phosphorothioate] were then both applied to the plot at a rate of 0.4 ml m-2. Sprinkler irrigation was applied to the plot to assure well-watered conditions.
In situ ethylene production rates of intact plants in the openended assay chambers were measured at four sub-saturating acetylene concentrations (0.001, 0.004, 0.008, and 0.01 mm3 mm-3) at both midday and midnight over a period of 5 to 7 d. These low acetylene concentrations do not result in the inhibition of nitrogenase activity (9) reported for acetylene concentrations two orders of magnitude higher (16). The technique described by Denison et al. (10) was used to analyze these data and to determine the mean apparent Km for nitrogenase for all the assays performed (n = 247). The mean and standard error for the Km was found to be 0.00380 and 0.000285 mm3 mm-3, respectively. This mean value was used to calculate the maximum ethylene production rate at saturating acetylene concentrations (Vm.) for each assay as described by Denison and Sinclair (8) .
To test the long-term effects of altered oxygen concentration around the nodules, the oxygen concentration in the rhizosphere of one set of 5 plants was altered and compared to another set of 5 plants left under ambient conditions. Each treatment was assayed twice daily as described above for 2 The day before an individual plant was to be assayed it was transferred from the hydroponic chamber to a stainless-steel flowthrough assay chamber (Fig. 1) . The volume of the empty assay chamber was 20 ml. An intact plant, including the rubber stopper through which the stem grew in the hydroponic chamber, was used by inserting the nodulated root system through the bore of the assay chamber until the rubber stopper sealed the top of the chamber (Fig. 1 ). An air-tight seal at the lower opening of the chamber was made by impregnating the roots in silicon grease inside a split and bored No. 3 rubber stopper. The assay chamber was then placed on top of a modified hydroponic chamber.
Moisturized air was continuously flowed through the assay chamber at 0.33 ml s-' to assure that the nodules were well aerated.
The assay chamber was maintained in the same water bath and under the same lighting conditions as the growth chambers described above. Nitrogenase activity of the intact nodules in the assay chamber was determined using the acetylene-reduction technique. To do this, the air supply rate to the assay chamber was increased to 3.33 ml s-' and acetylene added to a final saturating concentration of 0.10 mm3mm3. To determine the nodule ethylene production rate, 4 min after the acetylene flow was begun, a1 ml sample was drawn from the gas exiting the assay chamber and injected into a gas chromatograph fitted with a flame ionization detector. The acetylene was then removed from the air supply which was returned to the normal flow rate and any residual acetylene flushed from the chamber.
Saturating concentrations of acetylene can have an inhibitory effect on nitrogenase activity in which the ethylene production rate begins to decline after a period ofseveral minutes of exposure (16) . This inhibitory effect can cause a serious underestimation of nitrogenase activity depending on the amount of time the nodules are exposed to high acetylene concentrations before the ethylene production rate is assayed. To determine the time dependency of this acetylene response for these hydroponically grown soybean, the acetylene concentration of the gas supplied to the assay chamber was set at 0.10 mm3 mm-3. After the addition of acetylene, the gas exiting the chamber was sampled every 2 min for a total of 15 min. Nine assays were run in this fashion.
The day before a plant was to be assayed, it was transferred from a hydroponic growth chamber to the assay chamber. The following day acetylene reduction and nodule respiration were assayed at ambient oxygen. The Table I for absolute values of nodule respiration and acetylene reduction rates. reduction rates did not differ over the 24-h period these plants were assayed between those at ambient and those at 0.3 mm3 mm-3 oxygen. On May 18, the oxygen concentration in those chambers at 0.3 mm3 mm-3 was further increased to 0.35 mm3 mm-3 and the plants were assayed for another 24 h. Although on the night of May 19, the mean Vm,, for the elevated oxygen plants was significantly lower (a = 0.05) than that of the control plants, the mean Vmax did not differ significantly between treatments on any other date.
Hydroponic Plant Response to Saturating Acetylene Concentrations. Nitrogenase activity as a percent of the maximum rate ofethylene production was plotted against time since the addition of acetylene to the assay chamber for nine individual assays (Fig.  4) . The concentration of acetylene in the chamber reached 0.10 mm3 mm-3 after 3 min and maximum ethylene production occurred about 1 min later or a total of 4 min after the addition of acetylene to the gas supply. Acetylene reduction rates were then stable for approximately 5 more min and then began a slow decline reaching 95% of the maximum rate at 14 min. Minchin et al. (16) reported a more dramatic decrease in nitrogenase activity when legume nodules are exposed to saturating concentrations of acetylene than that shown in Figure 4 .
As the acetylene concentration in the assay chamber required 3 min to reach steady-state levels, it is possible that an inhibition of nodule activity occurred before the 4 min peak in ethylene production indicated in Figure 4 . To test this, the flow rate to the assay chamber was increased to 10 rhizosphere oxygen concentration to either 0.06 or 0.1 mm3 mm-3. Similarly, there were no consistent long-term effects of oxygen concentration elevated to either 0.3 or 0.4 mm3 mm-3. These field results on intact plants confirm the lack of response to long-term exposures to altered oxygen concentrations (5, 6, 14, 23) and further demonstrate that at least after an 8 h exposure to altered oxygen concentration in the range of 0.06 to 0.4 mm3 mm-3, there are no long-term effects of oxygen concentration on nitrogenase activity.
As in the field experiments, the hydroponic plants exhibited steady-state acetylene reduction rates which were independent of the external oxygen concentration from 0.1 to 0.4 mm3 mm-3. There were, however, short-term responses ofnitrogenase activity to altered oxygen concentrations. Decreasing the oxygen concentration to 0.1 mm3 mm-3 resulted in decreased ethylene production rates and a dramatic decrease in nodule respiration. These decreased rates were transitory and full recovery ofboth acetylene reduction and nodule respiration rates was complete in 4 to 8 h. The mean value and standard error of nodule respiration at ambient oxygen concentrations for all plants was 2.65 ± 0.20 mm3 g dwt-' s-'. This is in close agreement with nodule respiration rates of 1.90 to 3.44 mm3 g dwt-' s-' previously reported for 20-to 60-d-old soybean plants (20) . Data from these hydroponically grown soybean plants indicated that, given enough time, nodules can acclimate to decreased rhizosphere oxygen concentrations. Further, the fact that steady-state nodule respiration rates at 0.1 mm3 mm-3 oxygen were similar to those observed under ambient conditions is inconsistent with the hypothesis that the mechanism for maintaining a constant nitrogen fixation rate under varying oxygen concentrations involves an alteration in nodule respiration rate.
Exposure to 0.4 mm3 mm-3 oxygen resulted in short-term decreases in both nodule respiration and acetylene reduction rates. Such a response to increased oxygen concentrations may have been caused by partial oxygen inactivation of nitrogenase. The data from the plants assayed at 0.1 mm3 mm-3 oxygen indicated that the nodule response time to altered oxygen concentrations was several hours. In these experiments, the oxygen concentrations in the assay chamber were changed in 5 min. Such a rapid increase in the external oxygen concentration may have overwhelmed the regulatory mechanism. During the period that the oxygen concentration in the chamber was left at these supra-ambient levels, the nodule respiration and acetylene reduction rates recovered and the final steady-state rates were comparable to those initially observed. Thus, while the external oxygen concentration had been doubled, the nodule respiration rates remained the same. These data are also inconsistent with the hypothesis that the internal, low nodule oxygen concentration was maintained by an alteration in nodule respiration rate.
All the results from this study support the hypothesis that intact soybean nodules have a mechanism for adapting to a wide range of altered rhizosphere oxygen concentrations. Changes in nodule activity which followed alterations in the rhizosphere oxygen concentration were always regulated back to the original level. This adaptive mechanism requires several hours for complete adjustment of nitrogen fixation rates. Contrary to the hypothesis that the adaptive mechanism involves a change in nodule respiration rate, nodule respiration responded to the adaption in oxygen concentration in a manner parallel to acetylene reduction. Respiratory control of nitrogen fixation rates does not appear to play a role in the regulation of nitrogenase activity in response to changes in the rhizosphere oxygen concentration.
